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ABSTRACT 


An  experimental  program  was  conducted  to  determine  the  plane  strain 

fracture  toughness  (K  )  of  the  following  classes  of  high-strength  materials: 

1L» 

1.  AISI  Alloy  Steels  (4340,  4140) 

2.  5  Cr  -  Mo  -  V  Steels 

3.  Precipitation-Hardening  Stainless  Steels  (17-7  PH, 

PH  15-7  Mo,  17-4  PH,  AM  355) 

4.  Titanium  Alloy,  Ti-6A1-4V 


The  precracked  notched  bend  test  was  used  as  the  test  method  and 
several  heats  of  each  material  were  evaluated  over  a  range  of  test  temperatures 
from  -100  to  +200  F.  The  Kic  values,  obtained  under  conditions  which  were 
believed  to  provide  valid  plane  strain  fracture  toughness  numbers,  were  compiled 
for  possible  presentation  in  handbook  form.  The  method  of  presentation  involved 
plotting  KIC  both  as  a  function  of  material  strength  and  test  temperature.  The 
resulting  curves  provide  representative  figures  which  can  aid  in  the  selection 
of  materials  for  reliable  performance. 


(Distribution  of  this  abstract  is  unlimited). 
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SECTION  I 


INTRODUCTION 


In  selecting  ultra  high-strength  materials  for  high  strength-to-weight 
application,  the  designer  must  give  considerable  attention  not  only  to  the  smooth 
strength  capabilities  of  the  material  but  must  also  evaluate  the  reliability  of 
the  material  in  terms  of  its  resistance  to  brittle  crack  propagation.  Although 
the  need  for  a  definitive  criterion  to  rate  the  brittle  fracture  susceptibility 
of  a  material  has  long  been  recognized,  the  development  of  suitable  test  methods 
which  yield  quantitative  design  parameters  has  only  recently  been  developed  (1)*. 
These  test  methods,  which  are  based  on  fracture  mechanics  concepts,  produce  an 
evaluation  parameter  that can  be  obtained  from  simple  laboratory  tests  and  sub¬ 
sequently  used  to  predict  the  load-carrying  capacity  of  full-size  components. 

The  availability  of  fracture  mechanics,  along  with  the  confidence 
obtained  through  current  usage,  has  made  it  possible  for  a  plane  strain  fracture 
toughness  parameter  (K  )  to  be  considered  for  handbook  presentation.  Prior  to 
this  time,  handbook  data  have  been  restricted  to  conventional  smooth  strength 
properties  since  the  common  parameters  used  to  define  material  reliability,  such 
as  notch  tensile  strength  or  impact  energy  are  dependent  on  specimen  geometry 
and  are  not  material  constants.  On  this  basis  a  notch  toughness  parameter  could 
at  best  provide  only  a  relative  indication  of  material  properties  and  then  only 
if  the  specimen  geometries  were  comparable.  The  fracture  toughness  parameter 
(K  )  however,  can  in  principle  be  obtained  from  a  number  of  different  test  methods 
ana  provide  a  meaningful  material  constant. 

The  purpose  of  this  program  was  to  provide  fracture  toughness  data  (K^) 
for  selected  alloys  so  that  the  values  could  be  considered  for  presentation  in 
handbook  form  as  a  standardized  material  rating  parameter.  Emphasis  was  placed 
on  experimentally  determining  KIC  values  for  materials  and  test  temperature  regions 
that  are  not  currently  available. 


*  Numbers  in  parentheses  pertain  to  references  on  Page  44. 
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SECTION  II 


MATERIALS  AND  PROCEDURE 


The  materials  selected  for  the  test  program  are  summarized  in  Table  1 
along  with  code  designation,  the  form,  and  the  handbook  reference.  Specimens 
from  at  least  two  heats  of  each  type  of  material  were  evaluated  over  a  range  of 
test  temperatures  from  -100  to  +200  F.  The  compositions  of  the  test  materials 
are  given  in  Table  2  along  with  the  vendor  and  heat  number.  The  method  of  heat 
treatment  and  the  room  temperature  smooth  strength  properties  obtained  from  the 
treatment  are  summarized  in  Table  3. 

The  smooth  tensile  properties  of  each  of  the  material  variables  were 
determined  using  specimens  having  the  configurations  shown  in  Figure  1.  The  tests 
were  conducted  at  a  crosshead  speed  of  0.01  in/min.  which  was  equivalent  to  a 
0.01  in/in/min.  strain  rate  in  the  smooth  tests  and  an  increase  in  nominal  stress 
between  100,000  and  10,000  psi/min.  in  the  notch  tests. 

Notch  bend  tests  on  precracked  specimens  were  used  to  determine  the 
plane  strain  fracture  toughness  (K^).  During  the  initial  phases  of  the  program, 
four-point  loading  was  employed  in  accordance  with  the  method  described  in 
AFML-TR-65-213  (2).  When  the  ASTM  practice  involving  three-point  loading  was 
published  (3),  the  test  method  was  changed  to  be  in  accord  with  this  recommendation. 
The  specimen  geometry  is  summarized  in  Figure  2  along  with  the  formulae  used  to 
calculate  Kj-q.  Precracking  of  the  specimens  was  performed  at  room  temperature 
after  heat  treatment  by  tension-tension  loading  as  a  cantilever  beam  using  a  peak 
stress  that  was  approximately  20%  of  the  yield  strength  and  a  loading  frequency 
of  1800  cpm. 


The  current  ASTM-recommended  practice  (3)  involves  using  a  chevron  notch 
as  a  crack  starter  and  a  final  crack  depth-to-width  ratio  (a/W)  of  0.5.  In  addition, 
a  clip-type  displacement  gage  which  fits  directly  into  the  notch  is  suggested  for 
maximum  crack  detection  sensitivity  (5).  Previous  test  recommendations  however 
involved  a  straight-sided  crack  starter  and  an  (a/W)  ratio  of  approximately  0.2. 

Def lectometers  using  linear  voltage  differential  transformers  placed  on  the  load¬ 
ing  arms  were  also  used  to  detect  the  point  where  plane  strain  crack  growth  is 
initiated  rather  than  the  more  sensitive  clip  gage. 

During  the  course  of  the  test  program,  the  methods  summarized  in  Table 
4  were  employed  to  measure  K  .  In  selected  instances  the  methods  were  compared 
on  the  basis  of  the  effect  of  crack  size  and  the  method  of  crack  detection  (LVDT 
def lectometer  placed  on  the  loading  arm  versus  displacement  gage  placed  in  the 
notch) . 


A  critical  factor  in  determining  K  is  selecting  the  load  (P)  which 
corresponds  to  a  finite  degree  of  crack  growth  to  provide  a  definitive  KIC  value. 
The  practice  used  for  selecting  the  load  in  this  program,  conformed  to  that 
recommended  by  ASTM,  and  is  shown  schematically  in  Figure  3.  The  curve  types 
designated  as  Class  III  involved  specimens  where  the  initiation  of  slow  crack 
growth  corresponded  to  total  specimen  failure.  In  this  case,  the  load  displace¬ 
ment  curves  showed  no  deviation  from  linearity  and  comparable  results  were 
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MATERIALS  IN  TEST  PROGRAM 
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+  Supplier  is  Aluminum  Mill  Supply  Corp. 

*  Supplier  is  Aluminum  for  Aircraft  Corp. 
**  Supplied  by  TRW  Stock 


Summary  of  Heat  Treatments 


o 

o 

PP 

0) 

00 

nJ 

h 

0> 

> 


oo  in 
3  X 
0)  — 

i  >- 

in  f- 

v  h 
u 

3  _ 


in 

X 


3 
U 

V 

£  3 

£  H 
„  h 


d 

<D 

a 

cd 

CD 

U 

H 

4-> 

Cd 

CD 

fa 


o 

Is- 

o 

CM 

O 

r^ 

r—i 

00 

i  i 

LO 

CM 

0s 

0s 

> — i 

i  O 

sO 

vO 

oo 

o 

o 

o 

CM 

r— H 

CM 

CM 

i- H 

>—* 

r—i 

CM 

1  1 

(M 

LO 

r*- 


oo 

sO  o 


in 

sO  vO  \0 


o 

O 

LO 

O 

LO 

O 

vO 

r- H 

o 

vO 

r- 

CM 

CM 

CM 

CM 

CM 

CM 

fa 

fa 

o 

o 

o 

O 

o 

O 

LO 

00 

4-> 

4-> 

Cd 

cd 

fa 

o 

u 

u 

O 

X 

X 

o 

00 

r—i 

i— i 

4-> 

+ 

+ 

cd 

CO 

Jh 

Jh 

X 

r3 

X 

i— H 

i— H 

CM 

u 

Jh 

Jh 

(D 

(D 

CD 

a  a  a 


a  a  a 


o 

QJ 

OJ 

H 

H 

H 

a 

a 

6 

0 

0 

o 

h  h  h 

o  o  o 
O  O  O 

00  CO  o 
o  o  • — ' 


03  d 

u  u  u 
X  X  X 


+  +  + 

u  u  u 
X  X  X 


u  u  u 

CD  CD  CD 
CL,  CL  DU 

a  a  a 

0)  <u  <u 

H  H  H 

6  a  6 
o  o  o 


4-> 

4-> 
r— H 

4-> 

4-> 

4-» 

r-H 

•4— > 

cd 

<d 

cd 

cd 

cd 

cd 

CO 

c n 

CO 

CO 

CO 

CO 

fa 

fa 

fa 

fa 

fa 

fa 

o 

o 

o 

o 

o 

o 

O 

O 

O 

o 

o 

o 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

LO 

oo 

oo 

oo 

' — 1 

r— H 

r— 1 

. — 1 

r-H 

r-H 

in  in  in 

a  3  d 
<  <  < 


in  in  m 
3  3  ^ 

<  <5  < 


CM 

LO 

00 

CM 

CO 

00 

vD 

00 

00 

o 

CM 

O 

CO 

oo 

r— H 

r-H 

i— H 

CM 

t— H 

<M 

r— H 

r-H 

u 

Jh 

X 

rd 

-C 

r-H 

a 

1 

fa 

fa 

1 

fa 

a 

a 

a 

a 

•  rH 

o 

o 

o 

•  rH 

•  rH 

•  rH 

•  rH 

g 

O 

O 

O 

£ 

£ 

£ 

£ 

LO 

LO 

LO 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

CD 

CD 

(D 

Jh 

OjO 

OJO 

OJO 

u 

u 

Jh 

O 

cd 

cd 

cd 

o 

0 

0 

0 

^H 

'-M 

'-M 

^+4 

fa 

CD 

w 

CD 

fa 

fa 

fa 

fa 

O 

u 

Jh 

U 

o 

o 

o 

o  _ 

O 

d 

d 

d 

o 

o 

o 

O 

iO 

0 

0 

o 

CO 

LO 

co 

00 

o 

rd 

rd 

rd 

i— H 

o 

r—i 

o 

r— 1 

00 

00 

oo 

r_H 

CD 

5h 

d 

Jh 

CD 

CD 

CD 

<D 

ojD 

o 

0 

o 

OX) 

OJO 

OjO 

OX) 

cd 

LH 

LM 

LfH 

cd 

cd 

cd 

cd 

fa 

fa 

fa 

fa 

o 

o 

o 

fa 

fa 

fa 

fa 

o 

O 

O 

O 

o 

o 

o 

o 

O 

r-H 

*— i 

r-H 

LO 

iO 

iO 

LO 

LO 

r—i 

r-H 

' - 1 

LO 

LO 

LO 

LO 

LO 

1 

i 

1 

o 

O 

0 

o 

o 

o 

O 

o 

4-> 

4— > 

4-> 

4-* 

4-> 

4-> 

-M 

4-> 

r—i 

r-H 

r-H 

r— H 

, _ i 

r—i 

, — i 

r—i 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

u 

u 

u 

u 

u 

u 

u 

u 

in; 

d 

in; 

in; 

in. 

d 

d 

d 

iH  •  rH  •  rH  •  rH  •  rH  •  r- 1  ,  .  . 

a  a  a  a  a  a  g  g 


o 

o 

o 

o 

o 

o 

o 

o 

O' 

1—4 

r—i 

i— H 

o 

o 

o 

o 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

fa 

o 

o 

O 

O 

o 

o 

o 

o 

O 

o 

o 

O 

o 

o 

o 

o 

o 

LO 

LO 

LO 

o 

o 

o 

o 

r- 

r-H 

Is- 

o  o 
^  cm 


vD  ^ 

r-  r- 


r- 


u  u 
d  d 

o  o 

rd  rD 


u  u 

o  o 

v+H  *-*H 

pH  Ph 

o  o 
O  O 
O  O 

o  o 

CD  CD 
OjO  OjO 
cd  oJ 

fa  fa 

o  o 

iTl  in 
m  in 

o  o 


o  o 
o  o 
U  U 


U) 

U) 

c f) 

u 

u 

U 

X 

X 

X 

CO 

CO 

CO 

1 

fa 

tr 

1 

fa 

o 

O 

o 

o 

O 

O 

o 

o 

o 

o 

o 

o 

r— H 

i— H 

CD 

<D 

CD 

00 

00 

00 

cd 

cd 

cd 

w 

cn 

03 

5h 

u 

Jh 

X 

X 

CO 

CO 

CO 

h 

fa 

d 

o 

o 

o 

O 

O 

O 

o 

o 

O 

r— H 

r— H 

r— H 

O 

O 

O 

o 

o 

o 

U 

u 

u 

a 

O 

O 

£ 

"S 

fa 

Ph 

Ph 

o 

o 

o 

O 

o 

o 

r-H 

r-H 

<— 1 

r—i 

i— H 

r— H 

r_( 

cd 

cd 

cd 

CD 

CD 

CD 

3 

3 

3 

3 

3 

3 

< 

<1 

< 

u 

u 

U 

< 

U 

U 

r—i 

(M 

CO 

Is- 

oo 

fa 

CD 

r. 

•> 

m. 

o 

X5 

pq 

fa 

pq 

pq 

fa 

fa 

fa 

fa 

fa 

r—i 

0 

r-H 

CM 

CO 

LO 

vO 

oo 

u 

* 

< 

< 

< 

< 

< 

< 

< 

< 

< 

< 

o 

<— • 

CM 

CO 

LO 

vO 

r- 

oo 

o 

i— H 

>  >  > 


pq  pq  pq  pq 

h  n  ro  ^ 


CQ  fa 

LO  vO 


<  <  <  < 
H  N  ro  ^ 


<  < 
LO  vO 


u 

CD 


cd 

2 


o  o 

2  S 


K  K  X  £ 

0,  CL  CL  Ph 


o  o  o  o 


CL  CL 
CL  CL 


o 

o 

o 

1 

• 

1 

Is- 

r- 

Is- 

r^- 

u 

Jh 

%i 

1 

1 

i 

i 

i 

1 

i 

1 

1 

co 

CO 

i— H 

u 

u 

U 

LO 

LO 

LT, 

LO 

r^- 

Is- 

LO 

LO 

LO 

i— H 

r—i 

r-H 

r-H 

r-H 

•— * 

r— H 

1 

r—i 

•— * 

CQ  pq  pq 

n-  oo  o 


< 

< 

< 

r- 

00 

0s 

i— H 

t— H 

LO 

LO 

LO 

LO 

LO 

LO 

CO 

co 

CO 

s 

s 

2 

< 

< 

< 

6 
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FIGURE  1  GEOMETRY  OF  SMOOTH  TENSILE  SPECIMENS 
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FIGURE  3  REPRESENTATIVE  LOAD  -  DISPLACEMENT  RECORDS 
(SLOPES  OP5  ARE  EXAGGERATED  FOR  CLARITY) 


obtained  with  both  the  LVDT  def lectometer  placed  on  the  loading  arm  and  the  beam 
gage  placed  in  the  notch.  In  the  case  of  the  curve  types  designated  as  Class  I 
or  Class  II,  a  secant  line  (OP^  in  Figure  3)  was  drawn  through  the  origin  with 
a  slope  3%  less  than  the  tangent  OA.  If  the  load  on  every  point  on  the  record 
which  preceded  P5  was  lower  than  P^,  then  P5  was  used  to  determine  KjC  provided 
that  the  deviation  of  the  OP5  from  OA  was  less  than  1/4  at  a  point  which  was  0.7 
of  P^.  If  this  latter  condition  was  not  met,  then  the  fracture  toughness  value 
was  not  considered  valid.  If  a  load  existed  which  was  greater  than  P5,  then  this 
maximum  load  was  used  to  calculate  Kjq.  Since  these  criteria  are  still  open  to 
further  discussion,  the  method  used  to  determine  the  Kjq  value  was  recorded  in 
the  tabular  presentation  of  the  data.  A  comparison  between  the  LVDT  placed  on  the 
loading  arm  and  the  beam  gage  in  the  notch  for  Class  I  type  curves  indicated  that 
the  beam  gage  provided  increased  sensitivity.  From  a  test  parameter  standpoint, 
the  Kjq  values  obtained  from  the  Class  I  curves  were  approximately  4%  lower  when 
the  beam  gage  was  employed.  In  the  case  of  the  Class  II  curves  no  difference  in 
the  selected  load  for  calculating  Kj-q  was  observed  as  a  function  of  pick-up  method. 


The  measurement  of  valid  plane  strain  fracture  toughness  (Kjq)  values 
is  dependent  on  using  a  specimen  with  sufficient  size  so  that  the  plastic  zone 
at  the  crack  tip  is  relatively  small  with  respect  to  the  overall  dimensions  of 
the  specimen.  A  relatively  large  quantity  of  data  is  available  which  indicates 
that  in  the  notch  bend  test,  the  specimen  width  (B)  should  be>2.5  times  the  square 
of  the  fracture  toughness -to-yield  strength  ratio  (K/F-j<y)2  (1,2).  The  second 
criterion  with  respect  to  specimen  dimensions  deals  with  the  crack  size  (a). 
Although  the  ASTM  recommendation  is  that  a>2.5  (K/Fty)^,  data  exist  which  indicate 
that  if  a>(K/FYY)2>  the  fracture  toughness  deviates  by  less  than  5%  from  the 
values  obtained  with  a  >  2.5  (K/F^y)^  (6).  In  the  presentation  of  the  experimental 
data,  the  tables  giving  the  calculated  fracture  toughness  will  also  present  the 
(K/Frpyl^  ratio.  In  the  plotted  curves,  only  those  fracture  toughness  values  which 
have  been  obtained  under  conditions  were  B>2.5  (K/F^y)^  and  a  >  (K/F^yl^  were 
considered  as  valid  Kjq  numbers.  In  every  case  where  the  crack  growth  curve  did 
not  conform  to  the  conditions  for  validity,  the  specimen  size  also  did  not  conform 
to  the  required  range  so  that  the  use  of  the  geometrical  requirements  was  a 
sufficient  condition  for  rejection  of  invalid  values. 


At  both  the  low  and  high  temperatures,  notch  bend  tests  were  performed 
by  submersing  the  specimen  and  fixture  in  either  a  acetone  dry  ice  bath  or  a 
mineral  oil  bath  heated  by  an  immersion  heater.  The  smooth  tensile  tests  below 
room  temperature  were  conducted  by  placing  the  test  rig  in  a  cold  box  where  the 
temperature  was  maintained  by  liquid  nitrogen  vapor  automatically  controlled  by 
the  thermocouple  output  through  a  low  temperature  solenoid.  At  temperatures 
above  room  temperature,  the  smooth  tests  were  conducted  in  a  resistance-heated 
furnace. 
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SECTION  III 


RESULTS  AND  DISCUSSION 


The  detailed  presentation  of  the  tests  results  is  given  in  Tables  A-l 
through  A-37  in  the  Appendix  and  the  data  are  summarized  graphically  in  Figures  4 
through  23.  For  purposes  of  discussion  and  subsequent  presentation  in  a  format 
for  possible  handbook  use,  the  materials  were  categorized  according  the  the 
following  classifications: 

(1)  AISI  Alloy  Steels  (4340, codes  1  and  2;  4140,  code  3), 

(2)  5  Cr-Mo-V  Steels  (Mod  H-ll,  codes  4,  5,  and  6), 

(3)  Precipitation-Hardening  Stainless  Steels  (17-7PH,  codes 

7,  8,  9,  and  10;  PH  15-7  Mo,  codes  11,  12,  13,  and  14;  17-4 
■  PH,  codes  15  and  16;  AM  355,  codes  17,  18,  and  19), 

(4)  Titanium  Alloy  (Ti6Al-4V),  code  20), 


1.  AISI  Alloy  Steels 

The  fracture  toughness  of  the  4340  steel,  heat  treated  to  a  220  Ksi 
yield  strength  is  presented  in  Figure  4.  Although  all  heats  of  material  showed 
similar  fracture  toughness,  there  was  a  tendency  for  heat  B  to  have  Kjq  values 
slightly  below  heats  A  or  C.  The  fracture  toughness  of  the  4340  at  a  room 
temperature  tensile  strength  of  approximately  210  Ksi  is  shown  in  Figure  5.  At 
this  strength  level,  the  Kjq  values  at  test  temperatures  of  75  and  200°F  were 
not  considered  valid  because  of  insufficient  crack  length.  At  the  lower  temper¬ 
atures,  considerably  greater  differences  in  KIC  were  observed  between  heats  than 
was  apparent  in  the  higher  strength  level  material  with  heat  B  showing  the  lowest 
values.  The  4140  steel  (Figure  6)  exhibited  toughness  values  that  were  generally 
lower  than  those  obtained  in  the  4340  heat  treated  to  the  same  strength  level. 

In  the  case  of  the  tests  conducted  on  4340  steel,  heat  treated  to  the 
220  Ksi  yield  (code  1),  both  the  chevron  crack  starter  with  an  a/W  ratio  of 
approximately  0.5  and  straight-front  crack  starter  with  an  a/W  ratio  after  pre¬ 
cracking  of  approximately  0.2  were  evaluated.  Representative  specimen  profiles 
along  with  the  KIC  values  are  shown  in  Figure  7.  The  results  indicate  that  when 
sufficient  crack  size  is  present,  both  methods  provide  comparable  toughness  values. 

2.  5  Cr-Mo-V  Steel 


The  data  for  the  5  Cr-Mo-V  steel,  heat  treated  to  room  temperature, 
tensile  strength  levels  of  275,  260  and  240  Ksi  are  presented  in  Figures  8,  9, 
and  10.  Due  to  the  low  toughness  of  the  material  at  the  higher  strength  levels, 
considerable  problems  were  encountered  with  quench  cracking  and  with  total  failure 
during  the  fatigue  precracking  operation.  The  agreement  in  KjC  between  heats 
A  and  B  at  the  260  Ksi  tensile  strength  level  was  good.  In  addition,  excellent 
agreement  was  also  obtained  between  specimens  designated  4A  and  4A1  which  were 
taken  from  the  same  heat  but  heat  treated  in  different  batches  to  the  same  strength 
level.  A  comparison  between  the  5  Cr-Mo-V  and  the  4340  steel  at  both  the  260  and 
240  Ksi  room  temperature  tensile  strength  levels  indicates  the  superior  toughness 
of  the  4340. 
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STRESS  INTENSITY  FACTOR,  Ksi  \l  IN_  STRESS,  Ksi 


FIGURE  4  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  4340  STEEL,  CODE  1 . 
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FIGURE  5  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  4340  STEEL,  CODE  2. 
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FIGURE  6  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  4140  STEEL,  CODE  3. 
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SPECIMEN  1A71 
K|C  53.5  Ksi  flN. 


SPECIMEN  1 A72 
K)C  53.5  Ksi  flN. 


SPECIMEN  I A73 
K|C  50.9  Ksi  flN. 


FIGURE  7  EFFECT  OF  VARIOUS  CRACK  STARTER  PROFILES  ON  K|C 
VALUES,  4340  STEEL,  CODE  1,  2X 
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STRESS  INTENSITY  FACTOR  (K),  Ksi  \7TnT  STRESS,  Ksi 
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FIGURE  8  FRACTURE  TOUGHNESS  OF  5Cr-Mo-V  STEEL,  CODE  5 


17 


STRESS  INTENSITY  FACTOR  (K),  Ksi  JW  STRESS,  Ksi 


FIGURE  9  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  5 Cr-Mo-V  STEEL,  CODE  4. 
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STRESS  INTENSITY  FACTOR  (K),  Ksi  f\N  STRESS,  Ksi 


FIGURE  10  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  5Cr-Mo-V  STEEL,  CODE  6. 
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3. 


Precipitation-Hardening  Stainless  Steel 


Data  for  the  17-7  PH  type  of  precipitation-hardening  stainless  steel 
are  given  in  Figures  11  through  14  (codes  7  through  10).  Many  of  the  toughness 
results,  particularly  at  the  lower  strength  levels,  cannot  be  considered  as  valid 
KIC  values  due  to  insufficient  specimen  thickness  or  crack  length.  In  the  plotting 
of  the  data  those  values  which  did  not  satisfy  the  criteria  for  valid  Kjq  were 
clearly  indicated  by  a  "boxed"  symbol.  The  fracture  surface  of  the  precipitation 
hardening  stainless  steels  often  exhibited  a  strong  tendency  for  internal  de¬ 
lamination  presumably  as  a  result  of  the  presence  of  free  ferrite.  Typical 
examples  of  these  delaminations  are  shown  in  Figure  15.  In  general,  the  fracture 
toughness  was  greater  in  the  specimens  which  exhibited  the  larger  degree  of 
delamination  probably  as  a  result  of  the  decreased  constraint  produced  by  the 
internal  free  surface.  In  some  cases  the  degree  of  delamination  varied  with 
position  of  the  specimen  within  the  plate  and  this  factor  contributed  to  the 
scatter  in  Kjq  between  replicate  specimens.  For  example,  specimen  7C7-1  exhibited 
a  Class  III  curve  (total  failure  at  maximum  load)  and  had  a  value  of  64.0 
Ks  i  V"Tn.  A  replicate  specimen  7C7-2  however  showed  a  Class  I  type  curve  and  had 
a  Kjq  of  101.4  Ksi  V  in.  The  fracture  surface  of  7C7-1  showed  no  internal  de¬ 
lamination  while  specimen  7C7-2  exhibited  considerable  splitting  along  the  fracture 
path.  In  this  case  a  direct  correlation  was  present  between  the  degree  of  de¬ 
lamination  present  on  the  fracture  surface  and  the  fracture  toughness  value. 

Smooth  strength  and  fracture  toughness  values  for  the  PH  15-7Mo  steel 
are  given  in  Figures  16,  17,  and  18.  The  KIC  at  the  RH  950  condition  was  almost 
halt  that  obtained  at  the  TH  1050  treatment.  The  results  indicate  the  strong 
dependence  of  the  KIC  value  on  heat  treat  condition  in  the  precipitation-hardening 
stainless  steels. 

The  data  for  17-4  PH  and  AM  355  stainless  steels  are  given  in  Figures  19, 
20,  and  21.  As  in  the  case  for  the  PH  15-7  Mo  Steel,  the  17-4  PH  toughness  showed 
a  rather  significant  decrease  between  75  and  -50  F  and  little  additional  variation 

O 

when  the  testing  temperature  was  further  decreased  to  -100  F.  Much  of  the  data 
obtained  for  the  AM  355  steel  did  not  produce  valid  KIC  values  due  to  insufficient 
specimen  size. 

The  variation  of  room  temperature  plane  strain  fracture  toughness  with 
tensile  strength  is  shown  in  Figure  22  for  the  precipitation-hardening  steels  in 
plate  form.  The  data  for  the  17-7  and  15-7  defined  a  consistent  relationship 
while  the  results  obtained  on  the  17-4  were  significantly  below  the  average  curve. 
In  the  case  of  the  17-7  and  17-4,  the  specimens  obtained  from  bar  stock  (codes 
10  and  16)  produced  Kj-,-.  values  considerably  above  those  obtained  for  the  plate 
material.  In  the  test  conducted  with  the  15-7  Mo,  the  reverse  was  true.  In  the 
15-7  Mo  no  delamination  in  the  fracture  surface  was  present  in  the  bar  material 
and  on  this  basis >  the  lower  fracture  toughness  may  be  due  to  a  decrease  in  free 
ferrite  concentration. 

If  the  data  obtained  for  the  17-7  or  15-7  steels  at  -100  or  -50°F  is 
plotted  on  Figure  22  using  the  smooth  strengths  obtained  at  the  specific  test 
temperatures,  then  the  Kjq  is  considerably  below  that  defined  by  the  room  temper¬ 
ature  curve.  On  this  basis,  the  decrease  in  fracture  toughness  which  occurs  as  a 
function  of  test  temperature  cannot  be  explained  solely  on  the  basis  of  the 
increase  in  smooth  strength  properties. 
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FIGURE  1  I  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  17-7  PH  STEEL,  CODE  7,  TH  1050. 
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FIGURE  12  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  17-7  PH,  CODE  8. 
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FIGURE  13  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF  17-7  PH 
STEEL,  CODE  9,  ROOM  TEMPERATURE  TESTS. 
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FIGURE  14  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF  17-7  PH 
STEEL,  CODE  10,  ROOM  TEMPERATURE  TESTS. 
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FIGURE  15  TYPICAL  EXAMPLES  OF  DELAMINATIONS  IN  FRACTURE 
SURFACE  OF  17-7  PH  STEELS  TESTED  AT  ROOM 
TEMPERATURE,  1.5X 
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FIGURE  16  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF  PH  15-7  Mo 
STEEL,  CODE  11,  TH  1050. 
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FIGURE  17  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS 
OF  PH  15-7  Mo  STEEL,  CODE  12. 
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FIGURE  18  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF 
PH  15-7  Mo  STEEL,  CODES  13  AND  14,  ROOM  TEMPER¬ 
ATURE  TESTS. 
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19  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF  17-4PH 
STEEL,  CODE  15. 
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FIGURE  20  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF  AM355 
STEEL,  CODE  17. 
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FIGURE  21  SMOOTH  STRENGTH  AND  FRACTURE  TOUGHNESS  OF  AM355 
STEEL,  CODE  19. 
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FRACTURE  TOUGHNESS  (K|c),  Ksi  \f~\ n". 


TENSILE  STRENGTH,  Ksi 

FIGURE  22  VARIATION  IN  ROOM  TEMPERATURE  FRACTURE  TOUGHNESS  WITH 
STRENGTH  LEVEL  FOR  PRECIPITATION  -  HARDENING  STAINLESS 
STEELS  IN  PLATE  FORM. 
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4. 


Titanium  Alloy  (T1-6A1-4V) 


The  variation  of  smooth  strength  properties  and  fracture  toughness  of 
three  heats  of  the  Ti-6A1-4V  alloy  as  a  function  of  test  temperature  is  given  in 
Figure  23.  The  data  were  considered  as  representing  valid  KIC  values  at  all  test 
temperatures.  An  interesting  feature  was  the  relative  insensitivity  of  Kjq  to 
variations  in  test  temperature  from  +75  to  -100  F. 

5 .  Applicability  of  Data  to  Handbook  Presentation 

The  presentation  of  data  in  a  design  handbook,  such  as  MIL  Handbook  5 
is  done  in  one  of  two  ways.  The  first  method  uses  statistical  techniques  to 
list  the  limits  in  design  properties,  such  as  tensile  strength,  yield  strength, 
bearing  strength,  etc.  The  second  method  used  for  fatigue  properties  and  temper¬ 
ature  effects  involves  the  presentation  of  typical  data  in  the  form  of  representa¬ 
tive  property  curves.  Due  to  the  relatively  small  quantity  of  data  available  and 
the  variance  between  heats,  the  K^q  fracture  toughness  parameter  lends  itself  more 
readily  to  the  second  method  of  presentation  which  involves  giving  typical  data 
in  graphical  form. 

The  fracture  toughness  values  generated  in  the  current  program  were 
supplemented  with  data  available  in  the  literature  which  was  considered  valid. 

The  criteria  that  were  used  to  determine  the  acceptance  of  the  additional  data 
are  presented  in  the  Appendix.  The  data  are  summarized  in  Tables  A38  through 
A40.  The  recent  compilation  developed  by  Wessel,  Clark,  and  Wilson  was  primarily 
used  to  acquire  the  literature  data  (7). 

The  format  selected  involves  presenting  curves  for  each  material.  When 
sufficient  data  are  available,  the  KIC  at  room  temperature  is  plotted  as  a 
function  of  tensile  strength  level.  The  second  form  of  presentation  gives  the 
Kjq  as  a  function  of  temperature.  In  this  case,  the  fracture  toughness  is  shown 
as  a  ratio  of  the  Kjq  at  the  specific  test  temperature  to  the  Kjq  at  room  temper¬ 
ature.  The  fracture  toughness  values  presented  in  this  manner  are  given  in 
Figures  24  through  30  for  the  various  classes  of  materials  listed  in  MIL  Handbook 
5. 


The  data  for  the  low  alloy  steels  (Figure  24  consists  mostly  of  results 
obtained  with  4340  steel.  A  slight  minimum  in  Kj-q  occurs  in  the  strength  region 
which  corresponds  to  irreversible  "500  F"  temper  embrittlement.  Above  a  tensile 
strength  of  approximately  230  Ksi,  the  KIC  increases  relatively  rapidly.  The 
variation  in  fracture  toughness  with  temperature  for  the  4340  steel,  heat  treated 
to  the  260  Ksi  tensile  strength  level,  is  shown  in  Figure  25.  Although  the  data 
are  limited,  this  relationship  appears  to  predict  with  reasonable  accuracy  the 
variation  in  KI(-,  which  also  occurs  in  the  4140  and  4340  alloy  steels  heat  treated 
to  lower  strength  levels. 

The  variation  in  K^q  as  a  function  of  strength  level  is  shown  in  Figure 
26  for  the  5  Cr-Mo-V  steels.  The  data  obtained  on  sheet,  bar  and  plate  were 
combined  since  no  definite  difference  appeared  to  exist  as  a  function  of  material 
form.  The  variation  in  fracture  toughness  as  a  function  of  test  temperature 
(shown  in  Figure  27)  was  comparable  to  that  exhibited  by  the  4340  steel. 
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FIGURE  23  SMOOTH  TENSILE  AND  FRACTURE  TOUGHNESS  OF 
6A1-4V  TITANIUM,  CODE  20. 
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YIELD  STRENGTH,  Ksi 


FIGURE  24  VARIATION  OF  K|C  WITH  STRENGTH  LEVEL,  LOW  ALLOY  MARTENSITIC 
STEELS  (4340,  4140),  ROOM  TEMPERATURE  TESTS. 
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PERCENT  K|C  AT  ROOM  TEMPERATURE 


FIGURE  25  EFFECT  OF  TEMPERATURE  ON  THE  PLANE  STRAIN  FRACTURE 

TOUGHNESS  (K|C)  OF  4340  STEEL,  260  Ksi  TENSILE  STRENGTH 
AT  ROOM  TEMPERATURE. 
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FIGURE  26  VARIATION  OF  K,c  WITH  STRENGTH  LEVEL,  5Cr-Mo-V 
STEEL,  ROOM  TEMPERATURE  TESTS. 
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URE  27  EFFECT  OF  TEMPERATURE  ON  THE  PLANE  STRAIN  FRACTURE 
TOUGHNESS  (K|c)  OF  5Cr-Mo-V  STEEL. 
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PLANE  STRAIN  FRACTURE  TOUGHNESS  (K|C),  Ksi  f\N. 


TENSILE  STRENGTH,  Ksi 

FIGURE  28  VARIATION  IN  ROOM  TEMPERATURE  FRACTURE  TOUGHNESS 
WITH  STRENGTH  LEVEL  FOR  PRECIPITATION  -  HARDENING 
STEELS  (17-7  PH,  PH  15-7  Mo,  AND  AM355)  IN  PLATE  FORM, 
ROOM  TEMPERATURE  TESTS. 
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PER  CENT  K|C  AT  ROOM  TEMPERATURE 


TEST  TEMPERATURE,  °F 

FIGURE  29  EFFECT  OF  TEMPERATURE  ON  THE  PLANE  STRAIN  FRACTURE 
TOUGHNESS  (K|C)  OF  17-7  PH,  15-7  Mo  AND  AM355 
PRECIPITATION -HARDENING  STAINLESS  STEELS. 
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PLANE  STRAIN  FRACTURE  TOUGHNESS  (K|C),  Ksi  f\N 


TENSILE  STRENGTH,  Ksi 

FIGURE  30  VARIATION  OF  FRACTURE  TOUGHNESS  WITH  STRENGTH  LEVEL  FOR 
VARIOUS  STEEL  TYPES. 
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The  variation  of  Kic  with  strength  level  and  temperature  for  the  pre¬ 
cipitation-hardening  stainless  steels  are  summarized  in  Figures  28  and  29 . 
Relatively  little  data  on  these  materials  are  available  in  the  literature  and 
the  majority  of  results  shown  in  these  figures  was  produced  by  the  current  experi¬ 
mental  program.  In  the  -50  to  +7 5%  range,  the  decrease  in  Kic  with  decreasing 
temperature  was  greater  for  the  precipitation-hardening  stainless  steels  than  for 
the  4340  or  5  Cr-Mo-V  steels. 

The  comparison  of  the  fracture  toughness  as  a  function  of  the  various 
steel  classes  is  shown  in  Figure  30.  Above  240  Ksi,  the  4340  steel  type  had  a 
toughness  which  was  significantly  greater  than  the  5  Cr-Mo-V  steels,  however,  at 
the  lower  strength  levels,  the  two  steels  possessed  comparable  properties.  The 
precipitation-hardening  stainless  steels  had  Kic  values  below  those  of  the  other 
steels  examined. 

Although  the  results  summarized  in  Figures  24  through  30  provide  repre¬ 
sentative  fracture  toughness  values  which  can  aid  in  designing  and  selecting 
material  conditions  to  preclude  brittle  fracture,  the  inherent  variability  in  the 
Kic  value  as  a  function  of  heat  of  material  must  receive  adequate  consideration. 
The  scatter  between  heats  can  be  as  great  as  30%  and  the  material  used  for  a 
specific  design  should  be  evaluated  prior  to  use  to  insure  that  abnormally  low 
fracture  toughness  do  not  exist. 
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SECTION  IV 


SUMMARY  AND  CONCLUSIONS 


Tests  were  conducted  using  the  precracked  notch  bend  test  to  determine 
KIC  for  a  variety  of  high-strength  materials.  The  ultimate  goal  of  the  program 
was  to  develop  suitable  fracture  toughness  values  for  presentation  in  handbook 
form.  The  materials  evaluated  included: 

1)  AISI  Alloy  Steels  (4340  and  4140) 

2)  5  Cr-Mo-V  Steels, 

3)  Precipitation-Hardening  Stainless  Steels  (17-7PH,  15-7Mo, 

17-4PH,  AM  355),  and 

4)  Titanium  Alloy  (Ti-6A1-4V). 


At  least  two  heats  of  each  material  were  tested  over  a  range  of  strength  levels 
and  test  temperatures  between  -100  and  +200  F.  The  4340  Alloy  Steel  showed  good 
agreement  between  heats  and  slightly  higher  average  KIC  values  than  4140  steel. 
At  the  higher  strength  levels  the  5  Cr-Mo-V  steel  had  a  fracture  toughness  less 
than  4340  steel  however  below  approximately  240  Ksi  tensile  strength,  the  two 
materials  showed  comparable  behavior.  The  17-7PH,  15-7Mo,  and  AM  355  steels 
showed  similar  trends  in  as  a  function  of  strength  level  while  the  17-4PH 

had  a  significantly  lower  toughness. 

An  analysis  of  the  low  temperature  data  indicates  that  the  decrease 
in  Kjq  that  occurs  with  decreasing  temperature  cannot  be  accounted  for  solely 
on  the  basis  of  the  increase  in  yield  or  tensile  strength. 

The  data  for  the  materials  evaluated  were  combined  with  the  limited 
KIC  data  available  in  the  literature  to  produce  representative  curves  of  KjC 
as  a  function  of  both  tensile  strength  level  and  test  temperature.  These  curves 
which  could  be  presented  as  typical  data  in  handbook  form,  would  aid  in  the 
selection  of  materials  for  reliable  component  performance. 
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APPENDIX 
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1. 


Criteria  Used  to  Select  Valid  KT(~  Data 


Notch  Bend  Test  (3  or  4-point  loading) 

B  >:  2.  5  (K/Fty)2 
Major  Span  >  4W 
a  ^  (K/Fty)2 

2.  Single  -  Edge  -  Notch  Test 

B  ^  2.  5  (K/Fty)2 
a  ^  (K/Fty)2 

Distance  between  loading  pin  holes  ^  3W 

3.  Center- cracked  Plate  Specimens 

B  ^  2.  5  (K/Fty)2 
a  ^  (K/Fty)2 

Distance  between  loading  pin  holes  4W 

4.  Notched  Round  Bar 


D  >  4.  4  (K/Fty)2 
d  =  0.  7 07 D 
Length  =  10D 

CODE:  B  =  specimen  thickness;  W  =  specimen  width;  a  =  crack  size; 

K  =  fracture  toughness;  F^y  =  0.  2%  yield  strength;  D  =  major 
specimen  diameter,  d  =  minor  specimen  diameter. 
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FRACTURE  TOUGHNESS  DATA.  4340  STEEL,  CODE  1.  265  KSI  TENSILE  STRENGTH,  THREE-POINT  LOADING,  MAJOR  SPAN 
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TABLE  A-l  (Cont'd) 
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TABLE  A-2 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES,  4340  STEEL 


Test  %  Elong. 


Specimen 

Temp. ( °F ) 

Fto  (Ksi) 

Fr^  (Ksi) 

(1”  G.L 

1A2 

200 

258.6 

207.6 

10.0 

1B2 

200 

260.4 

205.4 

6.0 

1C2 

200 

263.7 

209.0 

8.0 

1A7 

75 

260.0 

217.4 

11.0 

1B7 

75 

264.4 

217.2 

7.0 

1C7 

75 

266.6 

226.1 

8.8 

1B7T 

75 

266.2 

223.3 

11.0 

1A5 

-50 

269.8 

231.0 

13.0 

1B5 

-50 

272.7 

233.2 

8.0 

1C5 

-50 

274.5 

235.4 

8.0 

1A1 

-100 

276.0 

235.4 

10.0 

1B1 

-100 

280.3 

235.2 

8.0 

1C1 

-100 

279.7 

240.0 

9.0 

%  Red.  in 
Area 


45.5 

26.3 
26.8 

53.1 

30.3 

31.3 

47.7 

55.1 

29.9 

30.9 

50.7 

28.5 

30.4 
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FRACTORE  TOUGHNESS  QUA  4340  STEEL.  CODE  2.  210  KSI  TENSILE  STRENGTH,  FOUR-POINT  LOADING ,  MAJOR  SPAN  =  5",  MINOR  SPAN  =  2-1/2" 
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TABLE  A -4 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES  OF  U3U0  MATERIAL,  CODE  2 


Test 

El ong. 

%  Red.  in 

Specimen 

Temp. (°F) 

FTU  (Ksi) 

Frpy  ( Ksi  ) 

(1"  G.L.) 

Area 

2A2 

200 

205.0 

187.7 

11.0 

50.  h 

2B2 

200 

2C2 

200 

203.6 

185.  k 

11.0 

50.5 

2A7 

75 

211.2 

197.7 

13.0 

51.  U 

2B7 

75 

2C7 

75 

210.9 

197.  h 

12.0 

50.9 

2A5 

-50 

218.9 

205.0 

n.5 

U3.2 

-50 

2C5 

-5o 

216.2 

202.7 

13.0 

U7.8 

2A1 

-100 

22U.9 

210.9 

11.0 

H6.5 

2B1 

-100 

2C1 

-100 

220.7 

206.1 

10.0 

31.3 
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FRACTURE  TOUGHNESS  DVTA  4140  STEEL.  CODE  3.  205  KSI  TENSILE  STRENGTH,  FOUR-POINT  LOADING ,  MAJOR  SPAN 
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+  Irregular  crack  front,  values  not  used 
*  Major  span  -  6";  Minor  span  -  3" 

**  Major  span  =  5-3/4";  Minor  span  =  2-7/8 


TABLE  A-5  (Cont'd) 
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TABLE  A-6 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES,  4140  STEEL,  CODE  3 


>ecimen 

Test 

Temp .  (  °F  ) 

F'pU  (Ksi 

3A2 

200 

199.3 

3B2 

200 

205.3 

3C2 

200 

195.9 

3A7 

75 

201.9 

3B7 

75 

208.3 

3C7 

75 

208.0 

3A5 

-50 

219.5 

3B5 

-50 

215.3 

3C5 

-50 

216.8 

3A1 

-100 

221.4 

3B1 

-100 

225.5 

3C1 

-100 

217.1 

F i ) 

%  Elong. 
(1"  G.L.) 

%  Red. 
Area 

176.1 

8.5 

39.9 

182.1 

10.5 

48.8 

172.6 

9.0 

41.3 

182.3 

10.0 

44.8 

191.1 

12.0 

53.4 

189.7 

8.5 

36.9 

199.8 

9.5 

35.6 
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11.5 

51.7 

198.7 

8.5 

34.6 

204.6 

11.5 

49.1 

208.7 

12.0 

47.8 

_ 

8.5 

31.2 

in 
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TABLE  A -7 

FRACTURE  TOUGHNESS  DATA ,  5Cr-Mo-V  STEEL,  CODE  4,  260  KSI  TENSILE  STRENGTH,  THREE-POINT  LOAD,  MAJOR  SPAN= 
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TABLE  A-8 


pecimen 

SUMMARY  OF  SMOOTH 

TENSILE  PROPERTIES,  5Cr-Mo- 

-V  STEEL,  CODE 

4 

Test 

Temp .  °F 

F xu  (Ksi) 

F  'py  (  Ks  i  ) 

%  Elong. 

(1"  G.L.) 

%  Red.  in 
Area 

4A2 

200 

247.7 

201.7 

12.0 

47.4 

4C2 

200 

247.6 

203.4 

10.0 

34.2 

4A7 

75 

260.4 

212.6 

12.0 

51.9 
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75 

262.7 

215.8 

12.0 

52.0 
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252.2 

204.0 

11.0 

45.9 

4A5 
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264.0 

219.1 

12.5 

50.5 
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213.7 

10.0 

46.4 

4A1 

-100 

278.5 

231.1 

12.0 

46.6 

4C1 

-100 

278.8 

225.1 

12.0 

49.6 
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TABLE  A-ll 


SUMMARY  OF 

SMOOTH  TENSILE 

PROPERTIES , 

5Cr-Mo-V  STEEL 

I  CODE  6 

>ecimen 

Test 

Temp .  C  °F ) 

F 'pjj  (Ks i) 

F'py  (Ksi. 

%  Elong. 

)  (1"  G.L.) 

%  Red.  in 
Area 

6A2 

200 

236.4 

198.0 

13.0 

61.1 

6A7 

75 
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199.4 

13.5 

50.1 
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219.8 

12.0 

52.5 
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TABLE  A -13 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES.  17-7PH,  CODE  7 


Specimen 

Test 

Temp. (°F) 

Fipu  (Ksi) 

7A2 

200 

171*.  5 

7B2 

200 

171*.  2 

7C2 

200 

176.8 

7A7 

75 

183.1 

7B7 

75 

198.2 

7C7 

75 

187.1 

7A7T1 

75 

186.8 

7A7T2 

75 

185.7 

7A7T3 

75 

175.9 

7A5 

-5o 

199.7 

7B5 

-50 

201.3 

7C5 

-50 

190.1 

7A1 

-100 

205.9 

7B1 

-100 

212.6 

7C1 

-100 

207.1 

TY  (Ksi) 

%  Elong. 

(1"  G.L. ) 

%  Red.  in 
Area 

162.5 

8.0 

36.7 

161.5 

7.0 

16.8 

157.6 

11.5 

36.5 

161*.  0 

10.0 

32.1* 

181.3 

10.0 

25.7 

156.6 

10.0 

36.1* 

166.7 

11.0 

28.8 

159.5 

10.0 

31*.  2 

153.1* 

11*. 0 

39.2 

177.8 

10.0 

31.8 

178.9 

12.0 

29.9 

151*.  7 

11*.  0 

38. 1* 

180.3 

11.0 

30.6 

190.1 

11.0 

27.6 

179.8 

11.0 

31.8 
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FRACTURE  TOUGHNESS  EftTA  17-7PH  STEEL,  CODE  8,  FOUR-POINT  LOADING.  MAJOR  SPAN  =  5";  MINOR  SPAN  =  2-1/2 
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TABLE  A-15 


SUMMARY  OF  SMOOTH  TENSIU  PROPERTIES,  17-7PH,  CODE  8 


Specimen 

Test 

Temp.  (°F) 

(Ksi) 

Fty  (Ksi) 

8A2 

200 

178.9 

177.2 

8B2 

200 

170.9 

161*.  0 

8C2 

200 

177.2 

162.6 

8A7 

75 

188.2 

173.0 

8b7 

75 

179.0 

163.7 

8C7 

75 

187.9 

161*. 3 

8A5 

-50 

201.6 

182.9 

8b5 

-5o 

189.1 

161.6 

8c5 

-5o 

201.1 

167.9 

8A1 

-100 

207.3 

186.0 

8b1 

-100 

198.9 

168.3 

8C1 

-100 

207.8 

175.5 

%  Elong. 
(1"  G.L. ) 


17.0 

17.0 

18.0 

17.5 

18.0 

18.5 

17.5 

18.5 

16.0 

20.0 

17.5 

17.5 
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TABLE  A-17 


Specimen 

SUMMARY  OF 

SMOOTH  TENSILE 

PROPERTIES , 

17-7PH,  CODE  9 

%  Red. 
Area 

Test 

Temp.  (°F) 

Fto  (Ksi) 

F^  (Ksi) 

%  Elong. 

(1"  G.L. ) 

9A7-1 

75 

198.2 

183.4 

10.0 

30.4 

9B7-1 

75 

199.6 

181.1 

13.5 

38.7 

9B7-2 

75 

197.5 

179.8 

13.5 

39.9 

9C7 

75 

198.7 

175.7 

15.0 

37.0 
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TABLE  A-19 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES,  17-7PH,  CODE  10 


Specimen 

Test 

Temp. (°P) 

F-pu  (K®A) 

FTy  (Ksi) 

%  Elong. 

(1"  G.L.) 

%  Red.  in 
Area 

10A7-1 

75 

222.3 

206.1; 

13.5 

35.8 

10A7-2 

75 

223.1 

206.7 

15.0 

36.5 

10B7-2 

75 

220.6 

210.8 

lii.O 

Ul.  9 

10C7-2 

75 

22H.3 

213.2 

1U.0 

37.6 
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FRACTURE  TOUGHNESS  DATA,  PH  15-7  MO.  STEEL,  CODE  11.  FOUR-POINT  LOADING,  MAJOR  SPAN  =  5”;  MINOR  SPAN  =  2-1/2" 
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TABLE  A-21 


SUMMARY  OF 

SMOOTH  TENSILE 

PROPERTIES , 

PH  15-7  Mo, 

CODE  11 

jecimen 

Test 

Temp.  °F 

F'j'u  (Ksi) 

F'py  Ksi) 

%  Elong. 
(1"  G.L.) 

%  Red.  in 
Area 

11A2 

200 

193.2 

185.5 

6.5 

26.6 

11B2 

200 

174.9 

166.2 

8.0 

32.4 

11A7 

75 

205.0 

195.1 

8.5 

33.2 

11A7T 

75 

190.1 

183.3 

5.0 

30.0 

11B7 

75 

194.0 

13.5 

34.4 

11B7T 

75 

205.7 

196.2 

9.5 

28.1 

11A5 

-50 

212.9 

203.2 

8.0 

28.0 

11B5 

-50 

192.8 

183.5 

7.0 

31.3 

11A1 

-100 

206.7 

199.7 

7.0 

32.8 

11B1 

-100 

212.9 

203.4 

9.5 

27.3 
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FRACTURE  TOUGHNESS  DATA  PH  15-7  Mo  STEEL,  CODE  12,  FOUR-POINT  LOADING,  MAJOR  SPAN  =  5";  MINOR  SPAN  =  2-1/2" 
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TABLE  A-23 


SUMMARY  OF  SMOOTH  TENSILE 

PROPERTIES, 

PH  15- 7  Mo, 

CODE  12 

Test 

%  Elong. 

%  Red.  in 

Specimen 

Temp. (^F) 

Eju  (Ksi-) 

Ftt  (Ksi) 

(1«  Q.L.) 

Area 

12A2 

200 

223.6 

196.1 

9.5 

32.8 

12  B2 

200 

217.6 

191.6 

8.5 

28.5 

12A7 

75 

235.5 

206.8 

11.0 

30.9 

12  B7 

75 

230.0 

203.  H 

11.0 

23. U 

12  A5 

-50 

2U6.2 

217.8 

11.0 

27.3 

12  b5 

-50 

2U3.8 

222. U 

10.0 

11.3 

12A1 

-100 

Broke  in  Threads 

22.8 

12  B1 

-100 

250.3 

231.6 

n.5 
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FRACTURE  TOUGHNESS  MA,  PH  15-7  Mo  STEEL,  CODES  13  and  14,  THREE-POINT  LOADING,  MAJOR  SPAN 
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TABLE  A -2 5 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES,  PH15-7Mo,  CODES  13  &  14 


Specimen 

Test 

Temp .  (  °F  ) 

F>pu  (Ksi) 

F  yy  ( i ) 

%  Elong. 

(1"  G.L. ) 

%  Red.  in 
Area 

13A7 

75 

176.0* 

13B7 

75 

180.0* 

14A7 

75 

185.5 

173.3 

14.0 

49.2 

14B7-2 

75 

187.8 

177.8 

13.0 

49.0 

*  Taken  from  Hardness  Readings. 
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FRACTURE  TOUGHNESS  DVTA  17-4  PH  STEEL,  CODE  15,  THREE-POINT  LOADING,  MAJOR  SPAN 
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TABLE  A-2 7 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES,  17-4PH,  CODE  15 


Specimen 

Test 

Temp . °F 

F XU  ^ 

15A2 

200 

179.1 

15B2 

200 

190.0 

15A7 

75 

191.6 

15B7 

75 

196.6 

15A5 

-50 

207.9 

15B5 

-50 

216.7 

15A1 

-100 

214.3 

15B1 

-100 

220.6 

'TY  (Ksi) 

%  Elong. 

(1"  G.L. ) 

%  Red. 
Area 

148.1 

15.0 

55.3 

161.0 

12.0 

40.5 

167.7 

13.0 

54.8 

170.1 

13.0 

45.5 

182.8 

18.0 

54.6 

189.0 

16.0 

41.5 

189.8 

18.5 

53.6 

194.5 

16.0 

41.8 
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TABLE  A-29 


SUMMARY  OF 

SMOOTH  TENSILE 

PROPERTIES , 

17-4PH,  CODE  16 

Specimen 

Test 

Temp .  (  °F  ) 

Ftu  (Ksi) 

Fty  (Kst) 

%  Elong. 

(1"  G.L. ) 

%  Red.  in 
Area 

1 6A7 

75 

205.0 

189.7 

18.0 

58.1 

16B7 

75 

209.7 

209.0 

18.0 

56.2 
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FRACTORE  TOUGHNESS  ONTA  FOR  AM  355  STEEL,  CODE  17,  THREE-POINT  LOADING,  MAJOR  SPAN 
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Table  A-31 


SUMMARY  OF 

SMOOTH  TENSILE 

PROPERTIES , 

AM  355  STEEL, 

CODE  17 

Test 

%  Elong. 

%  Red.  in 

Specimen 

Temp .  °F 

Ftu  (Ksi) 

Fty  (Ksi) 

(1"  G.L.) 

Area 

17A2 

200 

165.2 

152.5 

14.0 

57.2 

17B2 

200 

166.0 

152.4 

17.0 

62.8 

17A7 

75 

174.7 

162.2 

18.0 

59.0 

17B7 

75 

178.9 

166.7 

17.0 

55.8 

17A7t-l 

75 

176.0 

164.4 

17.0 

59.0 

17A7t-2 

75 

176.8 

161.7 

19.0 

57.5 

17A5 

-50 

196.1 

177.6 

20.0 

53.9 

17B5 

-50 

194.3 

174.9 

20.0 

58.4 

17A1 

-100 

197.7 

180.3 

20.0 

56.5 

17B1 

-100 

203.1 

183.2 

18.0 

54.1 
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TABLE  A -3  3 


Specimen 

SMOOTH  TENSILE  PROPERTIES, 

AM  355  STEEL, 

CODE  18 

%  Red. 
Area 

Test 

Temp.  (°F) 

(Ksi) 

Fw  (Ksi) 

%  Elong. 

(1"  G.L.) 

18A7-1 

75 

179.2 

170.2 

15.0 

46.0 

18A7-2 

75 

181.6 

171.9 

15.0 

44.4 

18B7 

75 

169.1 

159.8 

19.0 

60.8 
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FRACTURE  TOUGHNESS  CATA  AM-355  STEEL,  CODE  19,  FOUR-POINT  LOADING,  MAJOR  SPAN  =  5";  MINOR  SPAN  =  2-1/2" 
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TABLE  A-35 


SUMMARY  OF  SMOOTH  TENSILE  PROPERTIES,  AM  355,  CODE  19 


Specimen 

Test 

Temp. °F 

Ftu  (Ksi 

19A2 

200 

171.8 

19B2 

200 

168.3 

19A7 

75 

183.0 

19B7 

75 

174.1 

19A5 

-50 

192.2 

19B5 

-50 

200.8 

19A1 

-100 

197.4 

19B1 

-100 

200.2 

'TY  (Ksi) 

%  Elong. 
(1"  G.  L.) 

%  Red.  in 
Area 

159.9 

15.0 

55.1 

155.7 

14.0 

58.5 

171.7 

15.0 

52.6 

162.9 

17.0 

56.3 

174.5 

20.0 

53.8 

183.6 

16.0 

52.3 

176.5 

17.0 

50.8 

182.3 

18.0 

53.1 
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FRACTURE  TOUGHNESS  IATA  FOR  BETA  TITANIUM,  CODE  20,  THREE-POINT  LOADING,  MAJOR  SPAN 
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TABLE  A“37 


SUMMARY  OF 

SMOOTH  TENSILE 

PROPERTIES , 

Ti6Al-4V,  CODE  20 

Test 

%  Elong. 

%  Red.  i 

Specimen 

Temp . C  °F ) 

Fpu  (Ksi) 

Fpy  (Ksi) 

(1"  G.L. ) 

Area 

20A2 

200 

159.1 

148.4 

5.0 

6.9 

20B2 

200 

153.7 

141.0 

2.5 

1.6 

20C2 

200 

152.6 

138.0 

3.0 

7.3 

20A7 

75 

156.7 

— 

— 

20B7 

75 

174.9 

167.2 

2.0 

5.3 

20C7 

75 

169.2 

157.9 

2.0 

6.3 

20A5 

-50 

143.9 

— 

— 

20B5 

-50 

176.1 

174.8 

0.5 

— 

20C5 

-50 

188.8 

176.7 

2.0 

2.1 

20A1 

-100 

189.8 

185.0 

0.5 

.6 

20B1 

-100 

179.6 

— 

0.5 

— 

20C1 

-100 

184.3 

173.2 

3.0 

4.9 

20A7-1 

75 

156.6 

148.2 

14.0 

45.5 

20B7-1 

75 

162.5 

153.6 

19.0 

40.4 

20C7-1 

75 

154.1 

141.3 

12.0 

39.6 

90 


1Y  CP  LITERATURE  DATA  OF  KIC  FOR  LOW  ALLOY  MARTENSITIC  STEELS 
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Longitudinal  **  CN  -  Center  Notch 
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